Objective: Thyroid-associated ophthalmopathy (TAO) is a chronic autoimmune disorder characterized by an increased volume of adipose/connective tissue in the human orbit. Design: The aim of this study was to investigate the thyrotropin receptor (TSHr) expression in orbital fibroblasts from TAO patients undergoing adipocytic differentiation. Methods: Retro-ocular tissue and skin were obtained from five patients undergoing orbital decompression surgery for TAO and placed in culture. Proliferating fibroblasts were subjected to adipocytic differentiation for 10 days. Total RNA was isolated from fibroblasts and was reverse transcribed. TSHr mRNA levels were determined by real-time PCR. cAMP was determined by radioimmunoassay (RIA) after fibroblast incubation with the substances to test. Results: Orbital differentiated fibroblasts became rounded and acquired lipid droplets. The amount of TSHr mRNA in these fibroblasts was higher than fibroblasts not subjected to adipocytic differentiation. Immunocytochemical analysis showed TSHr protein in differentiated orbital fibroblasts. Differentiated orbital fibroblasts stimulated with bovine (b) TSH showed a cAMP production greater than that in paired undifferentiated cultures. A specific thyroid-inhibiting antibody (TBAb) inhibited cAMP production after bTSH challenge, and a thyroid-stimulating antibody (TSAb) stimulated cAMP production in differentiated fibroblasts. Conclusions: We suggest that orbital fibroblasts subjected to adipocytic differentiation increase TSHr expression that responds specifically to bTSH and TSAb stimulation, and to TBAb inhibition.
Introduction
Thyroid-associated ophthalmopathy (TAO) is a chronic autoimmune disorder closely associated with Graves' disease (1, 2) . Using computed tomography or magnetic resonance scans of the orbit, signs of TAO can be detected in up to 90% of the patients, but clinical features are evident in only 25 -50% of patients with Graves' disease (2) . The different clinical features of TAO, which include proptosis, extraocular muscle dysfunction, periorbital edema and conjunctival injection, are due to inflammatory processes of retro-ocular tissues, leading to an increase in connective tissue and extraocular muscle volume (1) . Histological examination of TAO revealed an accumulation of hydrophilic glycosaminoglycans and an increase in orbital adipose tissue (3) . Fibroblasts of the connective orbital tissue are the major source of these glycosaminoglycans (4) and moreover, in appropriate in vitro culture conditions, may differentiate into mature adipocytes (5), potentially playing an important role in the development of TAO. The close clinical association between immunogenic hyperthyroidism, ophthalmopathy and pretibial dermopathy suggests that the antigen involved in these conditions is shared among the thyroid gland, retro-ocular tissue and pretibial skin. The immune recognition event which causes the T lymphocytes' migration into the orbit has not yet been identified, and experimental evidence provides arguments both for and against it being the thyrotropin receptor (TSHr) (1, 6) . Reports concerning the relationship between TSHr antibodies (TRAb) and the severity of ophthalmopathy are also controversial (7) . Indeed, many patients with Graves' disease without clinically evident ophthalmopathy have high titers of TRAb in their serum (7) . Conversely, some patients with severe TAO do not have detectable TRAb (7) . In addition, there is no general agreement regarding the presence of the TSHr or its transcript in eye orbit structures. Some have found transcripts in retro-ocular fibroblasts (8) or inferred their presence in fat (9) ; others have failed to find a TSHr transcript in retro-ocular muscle also containing fibroblasts (10) . A TSHr variant transcript comprising essentially exons 1 -8 was also described in many locations, including ocular muscle, fat, lymphocytes and fibroblasts (11) . Recently, we have detected by real-time PCR similar levels of TSHr mRNA in TAO orbital tissues and extraorbital tissues from patients not affected by thyroid diseases (12) . The expression and function of the TSHr in cultured rat preadipocytes are closely related to cellular differentiation (13) , so fibroblasts of the human connective orbital tissue may be important in the development of TAO not only because they are the major source of glycosaminoglycans, but also because the are able to differentiate into mature adipocytes and increase the expression of a functional TSHr, the hypothetical common antigen in thyroid gland and retro-ocular tissue (14, 15) .
Rosiglitazone, an agonist of peroxisome proliferatoractivated receptor g (PPAR g) is also able to induce adipocytic differentiation of the orbital fibroblasts and increase the TSHr expression (16) .
In the present study we subjected human retroocular and skin fibroblasts from TAO patients to adipocytic differentiation conditions and we measured the absolute levels of TSHr mRNA by real-time PCR and TSHr protein expression by immunocytochemistry using a monoclonal antibody, we also assessed the TSHr functionality by meausuring extracellular cAMP accumulation after bovine (b) TSH stimulation.
Materials and methods

Patients
Retro-ocular tissue and orbital skin were obtained during orbital decompression surgery for severe TAO from five patients. The medium age of the patients was 25^4.6 years old, three women and two men. The duration of the disease (appearance of hyperthyroidism and ophthalmopathy) was of 2 years in four patients and 3 years in the last patient. All of the patients were affected by persistent marked proptosis and two out of five patients were submmitted to intravenous glucocorticoids therapy 1 year before the decompression, while no patient was subjected to orbital radiotherapy. At surgery clinical activity score showed that only one patient had an active disease while in the remaining four patients only marked proptosis was present. The study was approved by the local ethical committee and written informed consent was obtained from all the subjects.
Fibroblast cell culture
Tissue samples were minced and placed directly in plastic culture dishes, allowing fibroblasts to proliferate in medium 199 containing 20% fetal bovine serum (FBS), penicillin (100 U/ml) and gentamicin (20 mg/ml), as described previously (17) . Proliferating fibroblasts were sub-passaged in the same medium containing 10% FBS and antibiotics.
Adipocytic differentiation
To start adipocytic differentiation, fibroblasts were grown to confluence and differentiation was carried out exactly as reported previously (15) . Fibroblasts were also cultured for the same period of time in medium 199 -10% FBS without being switched to differentiation medium, as control.
Oil Red O staining
Retro-ocular and skin fibroblasts were grown to confluence in 24-well plates and subjected to the adipocytic differentiation protocol or control conditions as described above. Cells were washed with phosphatebuffered saline (PBS), fixed with 10% formalin for 30 -60 min at room temperature (RT) , incubated for 5 min with 60% isopropanol and stained for 5 min with Oil Red O solution (1.8 mg/ml). After rinsing with tap water, cells were counterstaind with Mayer's hematoxylin solution and observed under the phase contrast microscope.
RNA isolation and reverse transcription
Total RNA was isolated directly from the Petri dish-cultured fibroblasts using the TRIZOL reagent (Invitrogen Life Technologies, Carlsbad, CA, USA) according to the manufacturer's instructions. The quality of RNA samples was assessed by electrophoresis through denaturing agarose gel and staining with ethidium bromide to visualize the 18S and 28S RNA bands under UV illumination. The extraction yield was quantified spectrophotometrically at 260 nm. One microgram of total RNA for each sample was reverse transcribed for 1 h at 42 8C in a 20 ml reaction volume using 200 units of Superscript II Rnase H 2 reverse transcriptase (Invitrogen Life Technologies) in the presence of 1.5 mM random examers (Pharmacia Biotech, Uppsala, Sweden), 0.01 M DTT and 1 mM dNTP mix.
Determination of TSHr mRNA levels using real-time PCR
Oligonucleotide primers and TaqMan probes were designed to be intron-spanning, using the computer program Primer Express (Applied Biosystems, Foster City, CA, USA). To avoid amplification of contaminating genomic DNA, one of the two primers or the probe was placed at the junction between two exons, or in a different exon. The nucleotide sequence of the primers and probes (Applied Biosystems) are shown in Table 1 . Quantitative PCR reactions were carried out on 96-well optical reaction plates using a cDNA equivalent of 50 ng total RNA for each sample in a volume of 50 ml using the TaqMan Universal PCR Master Mix (Applied Biosystems) as described previously (12) . To minimize errors arising from variations in the amount of starting RNA among samples, amplification of b-actin mRNA was performed as an internal reference against which other RNA values can be normalized. The primers and the probe for the b -actin RNA were purchased from Applied Biosystems and the amplification was started from 0.5 ng total RNA. Normalized results were expressed as the ratio of the pg RNA of the TSHr gene to the pg RNA of the b-actin gene (mean^S.E. of three experiments).
Immunocytochemical analysis of the TSHr protein
Fibroblasts were seeded onto plastic chamber slides, grown to confluence as monolayers, and subjected to the differentiation protocol as described above. JPO9 cells were used as positive controls. The cells were washed with PBS and fixed in methanol for 15 min at 2 20 8C. Non-specific background staining was blocked using Peroxide Block and Power Block (BioGenex, San Ramon, CA, USA) following the manifacturer's protocol. The monoclonal anti-TSHr antibody directed against the aminoacidic residues 211 -414 at the 1:100 dilution (Novocastra Laboratories, Newcastle, UK) was applied overnight (O/N) at RT. Slides were washed with PBS, stained using the Super Sensitive Immunodetection Kit (BioGenex) as indicated by the manifacturer, and counterstained with Mayer's hematoxylin solution. Parallel slides with the primary antibody replaced by PBS were processed to asses the specificity of the system. Cells were examined at £ 25 and £ 40 magnification using an optical microscope.
cAMP assay
Fibroblasts seeding in 96-well plates were grown to confluence and the cAMP assay was performed. Cells were washed once with HBSS medium and incubated for an hour at 37 8C in hypotonic medium containing 0.5 mM IBMX as a cAMP phosphodiesterase inhibitor alone or togheter with the following substances to test: bTSH, forskolin, human recombinant follicular stimulating hormone (FSH), human recombinant chorionic gonadotropin (bhCG), a monoclonal anti-TSHr antibody (BA8; kindly gifted from S Costagliola), a thyroid inhibiting antibody (TBAb), a thyroid-stimulating antibody (TSAb), and a normal IgG. The TBAb was selected for its potent blocking activity on TSH action, while the TSAb was selected for its potent stimulating activity on the TSHr, evaluated by biological assay. TBAb, TSAb and normal IgGs were extracted from the sera of patients with autoimmune thyroid diseases (Hashimoto's thyroiditis and Graves' disease, respectively) or from the sera of healthy subjects using the commercial kit Mab Trap G II (Pharmacia Biotech) according to the manifacturer's instructions. Extracellular cAMP was measured in the medium collected at the end of the incubation using an in house RIA assay with a commercial polyclonal anti-cAMP antibody, as previosly described (18), and expressed as pmoles per dish.
Statistical analysis
The expression of the TSHr mRNA detected in differentiated retro-ocular fibroblasts at passage 4, 12 and 22 from a representative patient with TAO was compared with its expression in retro-ocular fibroblasts not subjected to adipocytic differentiation using the Student test (t-test); to test the significance, the risk level (p) was set at 0.01.
Results
Adipocytic differentiation
Confluent fibroblasts were subjected to differentiation protocol for 10 days and examined using phase contrast microscopy. Control cells were maintained for the same period of time in medium 199 -10% FBS. During the differentiation process retro-ocular fibroblasts from passage one to at least passage 11 lost their stellate shape and became rounded and oval (Fig. 1A) and lost their fibroblast-like aspect typical of the paired control cells (Fig. 1B) . At the end of the differentiation period, about 5 -10% of differentiated retro-ocular fibroblasts accumulated numerous lipid droplets within the cytoplasm (Fig. 2) . The lipidic inclusions present in differentiated retro-ocular fibroblasts were positive to the fat-specific dye Oil Red O (data not shown). The level of mRNA expression of adipocyte differention markers (leptin and PPARg), measured by real-time PCR, was also increased in retro-ocular fibroblasts subjected to adipocytic differentiation at early passages (data not shown). Skin fibroblasts subjected to adipocytic differentiation protocol were refractory to the effects imposed by the differentiation protocol, maintaining a stellate shape with broad, tapering cytoplasmic processes as paired control fibroblasts (Fig. 3A, 3B ).
Determination of TSHr mRNA levels
To validate the real-time PCR method, a standard curve for the TSHr gene was constructed from cDNA obtained from normal thyroid tissue as described previously (12) . A standard curve using the same cDNA was also constructed for the b-actin gene. For each experimental sample, the amount of the targets and the endogenous reference was determined from the standard curve. The target amount was divided by the endogenous reference amount to obtain a normalized target value. After normalization for the expression of the endogenous gene, the TSHr/b-actin ratio, measured in retro-ocular fibroblasts subjected to adipocytic differentiation protocol, was about 17-fold higher than the value obtained for retro-ocular fibroblasts not subjected to adipocytic differentiation at passage 4 and about 32-fold higher at passage 12. No significant difference in TSHr mRNA expression was observed in differentiated and not differentiated retro-ocular fibroblasts at late passage (passage 22) ( Table 2) .
Immunodetection of the TSHr protein
The immunocytochemical analysis of the TSHr protein was performed using a commercial monoclonal antibody, as described in Materials and methods. Immunoreactivity for the TSHr protein was clearly detected in retro-ocular fibroblasts subjected to adipocytic differentiation protocol (Fig. 4A) , while no staining was observed in the paired control cultures (Fig. 4B) . Also retro-ocular fibroblasts subjected to adipocytic differentiation protocol processed without the primary antibody didn't show TSHr immunoreactivity (data not shown). Skin fibroblasts subjected and not subjected to adipocytic differentiation didn't show any TSHr-specific staining (data not shown). A very strong TSHr immunoreactivity was exibited by the positive control JPO9 cells (Fig. 4C ), whereas the negative control represented by the JPO9 cells processed in the absence of the primary antibody showed no staining (Fig. 4D) .
cAMP measurement cAMP production was measured after bTSH stimulation in TAO retro-ocular and skin fibroblasts at different culture passages subjected and not subjected to adipocytic differentiation protocol. Increasing doses of bTSH (0.1 -100 mU/ml) were able to stimulate cAMP production in differentiated retro-ocular fibroblasts at passage 3, 5 and 9, but this response to bTSH disappeared at passage 20 ( Fig. 5) . Retro-ocular fibroblasts not subjected to adipocytic differentiation and skin fibroblasts subjected and not subjected to adipocytic differentiation were not significatively stimulated by bTSH in terms of cAMP production (Fig. 6) . cAMP production in differentiated retro-ocular fibroblasts was also stimulated by forskolin, while very high concentration of hrFSH and bhCG were not able to increase cAMP production, suggesting a specific action of bTSH on its receptor (Fig. 7) . The monoclonal antiTSHr antibody BA8 did not interfere with the bTSH action, while TBAb was able to abolish the bTSH stimulating effect (Fig. 7) . TSAb increased the cAMP production to almost the same extent as 0.5 mU/ml bTSH, and no effect was shown by normal IgG (Fig. 7) .
Discussion
The TSHr expressed on thyroid follicular cells is the autoantigen directly involved in the pathogenesis of Graves' disease, but whether this receptor is expressed in extrathyroidal tissues and if it participates directly in the pathogenesis of TAO is unclear (1 -3) . The mechanisms that regulate the growth of orbital adipose tissue in thyroid associated ophthalmopathy remain unknown, but it has been demonstrated that a subset of orbital fibroblasts may be responsive to adipogenic signals (5).
The results obtained in this paper show that differentiated retro-ocular fibroblasts at early passages acquired an adipocyte-like shape and became rounded and oval with numerous lipid droplets within the cytoplasm at the end of the differentiation period. TSHr mRNA levels measured by real-time PCR in differentiated retro-ocular fibroblasts at early passages were about 20-fold higher compared with the values obtained for paired fibroblasts not subjected to adipocytic differentiation. This difference in TSHr mRNA expression disappeared when fibroblasts were used at late passages. Increasing doses of bTSH were able to stimulate cAMP production in retro-ocular fibroblasts subjected to adypocitic differentiation at early but not at late passages. TSAb was able to stimulate cAMP production in differentiated retro-ocular fibroblasts at early passages, while TBAb abolished the bTSH stimulatory effect. Immunoreactivity for the TSHr protein was detected in differentiated retro-ocular fibroblasts at early passages, but not in fibroblasts not subjected to adipocytic differentiation. These results were obtained from the fibroblasts of four out of five patients included in the study, while the fibroblasts obtained from the fifth patient did not show any significant increase in TSHr mRNA expression and in bTSH stimulated cAMP production, indicating a marked individual to individual variation in the behavior of retro-ocular fibroblasts from different TAO patients (15) . The concept of 'preadipocyte' was described for the first time in 1973 by Figure 5 cAMP production after bTSH stimulation in retro-ocular fibroblasts from one representative patient subjected to adipocytic differentiation at different culture passages: W, passage 3; O, passage 5; B, passage 9; X, passage 20. Each point represents the mean^S.E. of three independent experiments. Where error bars are not visible, they are so small that they fall within the symbols. Figure 6 cAMP production after bTSH stimulation in skin fibroblasts from one representative patient subjected to adipocytic differentiation at different culture passages: W, passage 3; O, passage 5; B passage 9; X, passage 20. Each point represents the mean^S.E. of three independent experiments. Where error bars are not visible, they are so small that they fall within the symbols. Figure 7 cAMP production in retro-ocular fibroblasts at early and late passages from a representative TAO patient subjected to adipocytic differentiation after one hour incubation at 37 8C with: 1, hypotonic buffer; 2, bTSH (0.5 mU/ml); 3, forskolin (10 25 M); 4, FSH (500 mU/ml); 5, bhCG (5 mU/ml); 6, BA8 plus bTSH (0.5 mU/ml); 7, TBAb (1 mg/ml) plus bTSH (0.5 mU/ml); 8, TSAb (1 mg/ml); 9, normal IgG (1 mg/ml) plus bTSH (0.5 mU/ml); 10, normal IgG (1 mg/ml). Each bar represents the mean^S.E. of three independent experiments. Where error bars are not visible, they are so small that they fall within the symbols.
Poznanski et al. (19) , defining a subpopulation of fibroblasts capable of undergoing adipocyte differentiation. Preadipocytes are able to evolve in mature adipose cells, modifying their gene expression profile (20, 21, 22) . The concept that adipose cells might express TSHr was formulated in 1964 by Rodbell (23) who demonstrated TSH stimulated lipolysis in rat epididymal cells showing for the first time extrathyroidal expression of the TSHr. Subsequent reports demonstrated specific TSH binding to guinea pig adipose and retro-ocular tissue (24) or to porcine orbital connective tissue membranes (25) . In addition, guinea pig brown and white adipose tissues were shown to express TSHr mRNA (26) . A functional TSHr was cloned from rat fat cells (27) , and it has been demonstrated that the differentiation of rat preadipocytes is accompained by the expression of a functional TSHr (13) . Oligonucleotide microarrays have also been used to confirm the patterns of gene expression in preadipocytes and adipocytes in vitro and in vivo. The TSHr has been shown to be highly expressed in adipocytes in vivo (28) . Numerous results from several laboratories now suggest that the TSHr is expressed in various human extrathyroidal tissues (29, 30, 31) . The presence of the TSHr in human orbital tissue and orbital fibroblasts was demonstrated by using RT-PCR in 1993 (8, 9) , but the possibility of an illegitimate transcription was raised (32, 33, 34) . In a previous report, we demonstrated by using a very sensitive and quantitative method such as real-time PCR that the levels of TSHr mRNA expressed in orbital tissues from TAO patients were similar to those obtained from tissues of patients not affected by thyroid diseases (12). Bahn et al. (35) , by using liquid hybridization analysis, showed the presence of TSHr mRNA in the orbital adipose/connective tissue of TAO patients, but not in normal orbital tissue. Adipocytic differentiation of human orbital fibroblasts induces expression of functional thyrotropin receptor as demonstrated by the increase of cAMP production after rhTSH stimulation (15) , and thyrotropin is able to stimulate TSHr expression in cultured orbital fibroblasts (14) . Recently, Kumar et al. (36) reported an increased leptin, adiponectin, PPARg and TSHr expression in the orbital tissues of patients with Graves' ophthalmopathy (GO) compared with normal orbital samples. In vitro differences in GO and normal preadipocytes resulted in enhanced adiponectin, leptin and TSHr expression, with greater expression of the two latter genes in the GO cultures (36) . Recent data suggest a functional role of IgGs from patients with GO against the IGF-1 receptor (37) . All of the data presented in this paper do not exclude a possible non-TSHr mediated effect from IgGs of patients with TAO.
In conclusion, we suggest that orbital fibroblasts subjected to adipocytic differentiation increase TSHr expression. This TSHr is able to respond specifically to bTSH and TSAb stimulation, and to TBAb inhibition.
